Introduction
. Of particular concern are long-vesselled angiosperm species
108
(including many tropical trees, temperate ring-porous trees, and woody vines), as these 109 species are thought to be prone to an 'open-vessel' artefact, potentially resulting in spuriously 110 low resistance to embolism. Several studies have suggested that xylem of some plant species 111 might be highly vulnerable to embolism, having produced so-called 'r' shaped xylem 112 vulnerability to embolism curves (i.e. exponential curves, rather than the more commonly 113 observed sigmoidal curves) (Jacobsen et al., 2007b; Sperry et al., 2012 ). Yet, many of the 114 species thought to be highly vulnerable to embolism occur in semi-arid or water-stressed 115 environments, frequently experience low water potentials, and, if these values are correct,
116
would thus either be experiencing regular damage or regular xylem refilling to maintain 117 hydraulic function (Bucci et al., 2003; Jacobsen et al., 2007a; Jacobsen et al., 2007b; Nardini 118 et al., 2008; Johnson et al., 2009; Johnson et al., 2011; Ogasa et al., 2013; Trifilò et al., 2015) .
119
In addition, to better understand the capacity of a single species to withstand embolism, it is 120 important to examine points of hydraulic failure within distinct plant tissues (Zimmermann, 121 1978; Tyree and Ewers, 1991) , since different tissues can vary in their capacity to withstand 122 xylem embolism (Tyree et al., 1993; Johnson et al., 2011) . The so-called 'vulnerability 123 segmentation' between tissues possibly serves to create hydraulic fuses within the plant to 124 further protect the more valuable tissues from drought damage. This hypothesis is consistent 125 with observations that more distal tissues in woody trees, particularly leaves of drought-126 deciduous species, are often more vulnerable to water deficit than stems or large branches 127 (Cochard et al., 1992; Tyree et al., 1993; Choat et al., 2005; Johnson et al., 2011; Hochberg et 128 al., 2017) , and with a lack of segmentation shown in evergreen herbaceous species that 129 proportion biomass relatively evenly among tissues (Skelton et al., 2017a) . However, few 130 studies have explored variation in the degree of segmentation between tissues among closely related species; consequently, the factors contributing to inter-specific variation in 132 segmentation remain unclear.
133
Recent advancements in visual or optical techniques for quantifying xylem vulnerability to 134 embolism offer potential to investigate embolism formation within different species and 135 among distinct tissues to address current uncertainties and controversies in xylem physiology 136 in plants (Brodribb et al., 2016b; Brodribb et al., 2017; Skelton et al., 2017a) . Here, we 137 investigated patterns in leaf and stem xylem vulnerability to embolism in Quercus (oaks), a 138 diverse, long-vesselled (Jacobsen et al., 2007b; Hacke et al., 2009; Jacobsen et al., 2012), 139 ring-porous temperate angiosperm genus, with species distributions spanning aridity 140 gradients in western North America. Our main objectives were to examine: (1) how the 141 capacity to withstand embolism within leaves and stems varies across Quercus species; (2) 142 whether any segmentation between leaves and stems occurs within species; and (3) whether 143 vulnerability to embolism in leaves and stems is a critical component of drought tolerance in 144 this ecologically important genus. We hypothesized that embolism avoidance in stems is a 145 critical component of drought tolerance in these long-lived woody tree species and thus made 146 four main predictions: (i) stems will display low vulnerability to embolism; (ii) leaves will 147 embolise earlier than stems in response to water deficit; (iii) stomatal closure will occur 148 before embolism in stems of all species; (iv) species occurring in more arid environments will 149 display greater resistance to embolism in stems than those restricted to more mesic 150 environments. To test these predictions, we selected eight deciduous and evergreen Quercus 151 species with varying climatic niches from the Mediterranean-type climate region of 152 California (USA) and quantified leaf and stem xylem vulnerability to embolism using newly 153 developed optical techniques. For a subset of our species, we also quantified leaf hydraulic 154 conductance in response to water deficit, to demonstrate that our optical curves reflect changes in xylem capacity to transport water. Finally, we quantified the turgor loss point 156 (TLP) of five sample species, to gain a proxy for stomatal closure.
157

Results
158
Variation in leaf and stem xylem vulnerability to embolism among Quercus species 159 We observed considerable inter-specific variation in the leaf and stem water potentials 160 associated with embolism in our sample of eight Quercus species ( Fig. 1; Fig. 2 ; Table 1 ).
161
We used the leaf or stem vulnerability curves to quantify a standardised metric to compare 162 species (i.e. P e , water potential at initialization of embolism), and found that the eight sample
163
Quercus species varied twofold in leaf vulnerability ( Fig. 3a 
170
We observed low vulnerability to embolism in both cut and intact individuals of Q. wislizenii 171 (Fig. 4) . Leaves of the potted, intact individuals were slightly less vulnerable to embolism (P e 172 = −3.71 MPa) than leaves of the cut branches (P e = −2.89 ± 0.22 MPa; Fig. 4) . Stems of the 173 potted, intact individuals (P e = −3.71 MPa) were highly consistent with stems from the cut 174 branches (−3.56 ± 0.19 MPa; Fig. 4 ).
175
Although we observed substantial inter-specific variation in the magnitude of the water 176 potentials associated with embolism in leaves and stems, the shape of the vulnerability curves
177
was similar for all species. Specifically, in each of our eight sample species, the progression of total cumulative embolism in the xylem of leaves and stems when plotted against leaf or 179 stem water potential approximately followed a sigmoidal pattern (Fig. 2) . The shape of the 180 vulnerability curves observed in intact, potted individuals of Quercus wislizenii was also 181 sigmoid and highly consistent with our observations of cut branches from field-grown plants
182
of the same species (Fig. 4) . previously thought (see Jacobsen et al., 2007a; Jacobsen et al., 2007b; Sperry et al., 2012 suffer from an open-vessel artefact (Sperry et al., 2012; Cochard et al., 2013) and might 240 underestimate vulnerability to embolism (Choat et al., 2010) . Our findings provide important 241 support for this claim in an ecologically diverse and often ecologically dominant North
242
American genus.
243
In addition, the finding that all sample Quercus species displayed sigmoid-shaped curves 244 contrasts previous reports of exponential or 'r-shaped' curves in this genus (Jacobsen et al.,
245
2007c; Sperry et al., 2012) . In particular, our observation that Quercus wislizenii stems 246 display sigmoidal vulnerability curves is at odds with previously published reports of r-
247
shaped curves in this species (Jacobsen et al., 2007c) . Notably, the previously published r-
248
shaped curves were generated from relatively short branches using the centrifuge technique.
249
Here, we were able to validate our observations of sigmoid vulnerability curves obtained from cut branches of Quercus wislizenii by observing embolism formation in intact trees of 251 this species (Fig. 4) hypothesis (that leaves will embolise before stems to protect the more valuable tissues).
264
Although there was no clear general relationship between leaf habit and segmentation, leaf
265
shedding during severe drought events may play a substantial role in avoiding stem embolism 266 in certain Quercus species. We note that Quercus douglasii, the species with the greatest 267 degree of segmentation between leaves and stems and a species most resistant to xylem 268 embolism, is also considered to be one of the only drought-deciduous oak species in 269 California (i.e. it drops its leaves during periods of severe water deficit) (Griffin, 1973) .
270
Recently, leaf shedding has also been found to be associated with leaf embolism and (Brodribb et al. 2014) , it has yet to be tested in angiosperms. Our results also indicate that 296 safety margins between TLP and P e were larger in stems than leaves, and increased with greater resistance to embolism. This finding provides further evidence that avoiding 298 embolism in stems is critical to avoiding drought-induced damage in oaks.
299
Although it has been suggested that some plants rely on osmotic adjustment during a season 300 to maintain water uptake and cell turgor (Chaves et al., 2009; Blum, 2017) angiosperms should be revisited (Maherali et al., 2004; Cavender-Bares et al., 2005; Jacobsen 337 et al., 2007a; Jacobsen et al., 2007b; Choat et al., 2012; Sperry et al., 2012; Trifilò et al., 338 2015). Resolving these concerns will be important for answering fundamental questions 339 about the adaptive capacity of xylem embolism resistance across land plant groups, the 340 importance of dynamic processes of xylem conduit refilling, the ubiquity of early stomatal 341 closure (Skelton et al., 2015) , and the influence of xylem vulnerability on species 342 distributions and community composition. found in several recent publications (Brodribb et al., 2016a; Brodribb et al., 2016b; Brodribb 402 et al., 2017; Skelton et al., 2017a; Skelton et al., 2017b chamber. Since branches were largely equilibrated because of being kept in the dark,
428
variation among neighbouring leaves was slight (always <0.1 MPa).
429
Upon completion, image sequences were analysed to identify embolism events, seen as using the analyse-stack function in ImageJ.
437
From the thresholded stack of embolism events, we could extract a time-resolved count of 438 embolism events (using the time stamp of each image). We then converted the raw embolism and water potential. We extracted the air-entry water potential (P e , MPa), defined as the leaf or stem xylem water potential associated with >5 % embolism for each branch. From these 445 data, we calculated a mean P e ± s.e. for leaves and stems of each species. Several other 446 metrics of xylem vulnerability to embolism have been used extensively in the literature, such 447 as the water potential associated with 50% loss of hydraulic conductance (P 50 , MPa). P e was 448 used to identify a critical threshold of embolism. Previous studies have suggested that the 449 point of air-entry (i.e. P e ) represents a point of incipient damage to plant functionality 450 (Skelton et al., 2017b ). For consistency with other studies, we also report P 50 values (Table   451 1).
452
Reliability of the optical vulnerability curves
453
We conducted two experiments to demonstrate that our optical vulnerability curves reliably 454 capture the capacity of plants to withstand embolism. In the first experiment, we aimed to 455 determine, for a subset of our eight sample species, whether observed embolism accurately 456 quantifies changes in hydraulic conductance. To achieve this, we quantified leaf hydraulic 457 conductance in response to water deficit by using the rehydration kinetics method (Skelton et 458 al., 2017b) on cut branches of two sample species, Q. kelloggii (deciduous) and Q. agrifolia 459 (evergreen). Briefly, for each species, we collected three additional branches from different 460 individuals and dried them on the benchtop. Periodically, we quantified k leaf and water 461 potential (using the methods described in Skelton et al., 2017b ) to obtain a complete 462 vulnerability curve for each individual. We then compared the response of k leaf to the percent 463 embolism obtained using the optical vulnerability technique. In both species, percent 464 embolism measured using the optical technique was associated with loss of leaf hydraulic 465 conductance (Fig. S2) . In both species, k leaf also remained relatively constant over an initial 466 range of leaf water potentials but declined upon further dehydration (Fig. S2) .
467
Uncompromised water transport followed by rapid decline in hydraulic functional capacity corroborates our observations of an initial lack of embolism, followed by rapid accumulation 469 of embolism events (Fig. S2 ).
470
The aim of our second experiment was to demonstrate that our observations of embolism in 471 cut branches accurately reflect total embolism in intact samples, since the vulnerability 472 curves constructed with the optical method might be influenced by the minimum pressure to 473 which the samples have previously been exposed or by an artefact associated with cutting 474 branches. In particular, we wanted to exclude the possibility that our cut branches had already 475 experienced embolism because of prior water stress or cutting. To do so, we quantified 476 embolism in leaves and stems of healthy, well-watered, intact Quercus wislizenii individuals 477 that we obtained from a plant nursery. We followed the same protocol outlined earlier to 478 capture embolism formation within newly and fully expanded leaves and stems of intact, 479 hydrated individuals. We were careful to observe the minimum water potential that our potted were able to exclude the possibility of prior stress causing embolism in these tissues. We 484 report the results from this second experiment in the results section.
485
Each time branches were collected for optical curves, the in situ midday water potential of 486 leaves from the same individuals for each of our study species was also sampled. These data 487 indicate that water potentials experienced by the trees in the field before sampling remained 488 well above those associated with embolism for all species (Supplemental Table 1 ).
489
Pressure-volume curves and turgor loss point
490
To determine a proxy for the point of stomatal closure, we measured the water potential 491 corresponding to bulk leaf turgor loss (TLP, MPa) . Previous studies have shown that stomatal aperture is significantly reduced at leaf turgor loss point Buckley et al., 493 2003). where 'a' corresponds to the sensitivity to decreasing Ψ, and 'b' is the Ψ associated with 50% 517 embolism (i.e. P 50 ).
518
To test for differences in P e and P 50 between species, ANOVA, in addition to a post-hoc
519
Tukey HSD test, was used. To evaluate differences between the P e of leaves and P e of stems 520 for each species, we used t-tests on each sample species. potential (P e ) of leaves (mean ± s.e., n = 3, blue) and stems (mean ± s.e., n = 3, brown)
568
of five sample Quercus species, indicated that TLP was reached at higher water potential 569 values than P e of leaves and stems of most species. air-entry water potential (P e , mean ± s.e., n = 3) of both leaves (A) and stems (B).
573
Species with lower resistance to embolism occur in much more mesic sites than those 574 with greater resistance to embolism. 
